Refractive index of water and steam as function of wavelength, temperature and density Journal of Physical and Chemical Reference Data 19, 677 (1990) In the present article, the data, after conversion to ITS-90, have been refitted to the same functional form, but based on an improved equation of state for water adopted by IAPWS in 1995. The revised coefficients are reported, and some tabular material is provided. The revised refractive-index formulation was adopted by IAPWS in 1997 and is available as part of a National Institute of Standards and Technology Standard Reference Database. For most conditions, the revised formulation does not differ significantly from the previous one. A substantial improvement has been obtained in supercooled water at ambient pressure, where the previous formulation was defective. Special attention has been paid to the behavior of the refractive index in the near infrared, where strongly oscillating data were reported after the correlation of Schiebener et al. had appeared, leading to subsequent curtailing of the range of validity of the formulation. Newer results do not show these oscillations. They are compared with the revised formulation.
temperature, and 0 to 1045 kg m Ϫ3 in density. It made use of a comprehensive data collection by Thormählen et al., 2 completed in 1985, from which the most reliable sources were selected. Some additional vapor-phase data 3,4 were also used. The formulation was based on the assumption that the Lorentz-Lorenz function
where n is the refractive index, is a smooth, slowly varying function of molar density m and temperature. This assumption was validated on the basis of the existing data. In particular, for fixed wavelength, LL does not vary more than 1% between the liquid at ambient temperatures and the vapor above the normal boiling point. The wavelength dependence of LL is pronounced. Strong variations occur near the first major infrared resonance, at around 2.9 m in wavelength, and near the ultraviolet resonance at around 0.18 m. The original correlation was limited to a region between these two resonances.
Since most of the data were obtained as a function of pressure and temperature, an equation of state was needed to convert measured pressures to densities. For this purpose, the NBS/NRC Steam Tables 5 were used; these had been adopted by the International Association for the Properties of Steam ͓now the International Association for the Properties of Water and Steam ͑IAPWS͔͒ in 1984. The formulation of Schiebener et al. 1 represented most of the selected data to near their experimental uncertainty, which, in some cases, was within 10 Ϫ6 in n. A notable exception was the substantial departure from the precise data available in supercooled water. This departure was due to extrapolation of the equation of state and was therefore not curable within the chosen framework.
Just after the publication of Ref. 1, the international practical temperature scale ͑IPTS-68͒ was replaced by The differences between the scales are significant for the refractive index formulation only in those regions where highly accurate data are available, that is, for liquid water at ambient pressure and temperatures between Ϫ12 and 60°C.
Furthermore, in 1995, IAPWS adopted a new formulation for the equation of state of water and steam, which was of improved accuracy and had been fitted to the available density data in supercooled water, representing them well. 7, 8 Shortly after Ref. 1 appeared in print, some reported refractive indices in the near infrared 9 were brought to the authors' attention; these data showed strong oscillations in n as a function of wavelength at 1.2 m and up. Schiebener et al. then published an Erratum, 10 recommending that the correlation not be used beyond 1.1 m. Further investigation, however, strongly suggests that these oscillations are not real; this will be discussed in Sec. 5.
The purpose of the present work is the following: ͑1͒ to base the refractive index formulation on the new temperature scale, ITS-90; ͑2͒ to base it on the newly adopted equation of state, in the hope of obtaining better performance in supercooled water; and ͑3͒ to clarify some issues related to the behavior of the refractive index in the near infrared.
Data and Method
The selected database of Ref. 1, with temperatures transformed to the ITS-90 temperature scale according to the method given by Rusby, 11 was used for the revised correlation. The data of highest accuracy and internal consistency, thus anchoring the correlation, are those of Tilton and Taylor 12, 13 at ambient pressure and at temperatures up to 60°C, and the data of Saubade 14 in low-temperature and supercooled water down to Ϫ12°C, both with claimed uncertainty of 10 Ϫ6 in n; the data for pressurized water from 2 to 54°C by Waxler et al., 15, 16 with claimed uncertainty of 10 Ϫ4 ; and the data for pressurized steam from 100 to 225°C by Achtermann, 3, 4 with claimed uncertainty of 2ϫ10 Ϫ7 . The method of correlation was to write LL as a function of density, temperature, and wavelength, with as few adjustable parameters as possible, so as to control unwanted oscillations in the large regions where no data are available ͑liquid at temperatures above the normal boiling point; vapor below the boiling point; supercritical steam͒. The functional dependence on the wavelength was dominated by the customary mathematical poles near the resonances. The correlating equation, of the same form as that used in Ref. 1, is Eq. ͑A1͒ in Appendix 1. The densities of the experimental data were calculated from the new IAPWS formulation of 1995.
8, 17 The wavelength range of the fit was from 0.2 to 1.1 m.
Revised Formulation

Description and Tabulation
The optimized coefficients from the new fit of the data to Eq. ͑A1͒ in Appendix 1 are listed in Appendix 1, Table 1.  Table 2 , which gives the estimated uncertainty in various ranges of temperature, pressure, and wavelength, remains nearly unchanged from the previous formulation, except for the supercooled liquid, where substantial improvement has been obtained. In Table 3 of Appendix 1, values of the refractive index are listed for three wavelengths, four temperatures, and four pressures, with more digits than the uncertainty of the formulation warrants, for the purpose of checking computer codes.
In Appendix 2, the refractive index as calculated by the formulation is tabulated as a function of temperature and pressure for four widely used wavelengths in the visible spectrum ͑Tables 4-7͒. The upper temperature and pressure limits in these tables are 500°C and 100 MPa; we must emphasize that the data do not cover this entire region, so portions of these tables are extrapolations ͑Table 2 in Appendix 1 gives the regions in which data do exist͒. The wavelengths used are the argon-ion laser wavelengths of 0.488 and 0.5145 m, the sodium-D line wavelength ͑intensity-weighted mean of the doublet͒ of 0.589 26 m, and the helium-neon laser wavelength of 0.6328 m. For these four wavelengths, the refractive index is also tabulated for the 762 762 HARVEY, GALLAGHER, AND LEVELT SENGERS saturated liquid and vapor ͑Table 8͒. In Tables 4-8 , the number of digits given is sometimes more than that justified by the uncertainty in the formulation; consult Table 2 to estimate the uncertainty at any given state point.
Comparison with Data
For data of moderate accuracy, the revised formulation is not significantly different from the previous one. We therefore refrain from comparing it with the complete database. We make exceptions for the highly accurate data of Tilton and Taylor, 12, 13 Achtermann, 3,4 and Saubade. 14 The deviations of the data of Tilton and Taylor from the new fit are shown in Fig. 1 ͑with temperature as the x axis͒ and Fig. 2 ͑with wavelength as the x axis͒. The deviations are very similar to those from the previous fit ͑within 10 Ϫ5 ͒, except that the present fit shows substantial improvement at 0 and 5°C for reasons to be discussed in Sec. 14 increasingly and systematically departed from the original formulation as the temperature decreased below 5°C. At Ϫ12°C the departure had increased to 2ϫ10 Ϫ4 , two orders of magnitude beyond the claimed uncertainty of the data. At that time it was concluded that the departure was due to the extrapolation of the NBS/NRC equation of state, 5 which had not been fitted to any data in supercooled water. The IAPWS-1995 equation of state 7, 8 was fitted to data in supercooled water, and also benefited from density data now available 18 for liquid water from 0 to 85°C with a relative accuracy near 10 Ϫ6 . In Fig. 4 , we show the departures of the Saubade data ͑and also the low-temperature data of Tilton and Taylor at the same wavelength͒ from both the present formulation and the previous one. The low-temperature systematic errors have been reduced by a factor of 3. The remaining systematic 
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errors are most likely still due to the equation of state, since the experimental liquid density data below 0°C are less accurate than the data now available in the range 0 to 85°C.
Refractive Index in the Near Infrared
Previous Concerns
The previous formulation 1 was fitted to a few selected data points for the refractive index of liquid water in the near infrared at wavelengths up to 2.5 m. However, after that work was completed, its authors were made aware of new data by Ichikawa 9 which exhibited strong oscillations in the refractive index associated with the known weak absorption peaks at roughly 1.46 and 1.93 m. Since the refractive index from the formulation varied smoothly through this region, it could not represent these oscillations. Therefore, an Erratum was issued 10 in which the upper wavelength limit of the formulation was restricted to 1.1 m. The same upper limit was used to restrict the data used in the refit reported here.
Obtaining Refractive Indices from Absorption
While water is essentially transparent at visible wavelengths, it contains strong absorption bands in the infrared. The first such peak is near 2.9 m, but there is significant absorption at all wavelengths beyond about 1 m. This can introduce significant errors if experiments are performed under the assumption of complete transparency.
In absorbing fluids, one must treat the refractive index as a complex number, where the imaginary part describes the absorption. The real and imaginary parts, denoted n() and k(), are connected by the Kramers-Kronig relations, which give the real part as an integral over the imaginary spectrum, and vice versa. For determining the real part from the absorption, the Kramers-Kronig relation is
Two aspects of Eq. ͑2͒ are worth noting. First, while absorption at all wavelengths contributes to n(), that at wavelengths close to is weighted more heavily. Therefore, if one is concerned with n() in a specific wavelength range, it is important to know k() accurately in that range, but the absorption need only be known approximately at distant wavelengths. Second, the integrand in Eq. ͑2͒ is positive for ϾЈ and negative for ϽЈ. Therefore, in the neighborhood of a strong absorption, n() will decrease as the absorption is approached from a shorter wavelength, increase sharply at the absorption, and then decline again as increases further. If accurate absorption data are available, Kramers-Kronig analysis provides a rigorous tool for obtaining accurately changes of n with wavelength; it is particularly useful in regions where absorption renders direct measurement unworkable.
Critique of Data in the Near Infrared
Direct measurement of water's refractive index in the near infrared is impractical due to absorption. However, the absorption spectrum k() can be measured more easily; there have been several such studies including the recent precise work of Kou et al. 19 in liquid water from 0.65 to 2.5 m. The available absorption data were collected by Bertie and Lan, 20 who performed a Kramers-Kronig analysis to obtain n() for liquid water at 25°C. For the region of interest here ͑near-infrared wavelengths shorter than that of the strong resonance near 2.9 m͒, their analysis is estimated to be accurate within 0.001 in n(). 21 Their refractive indices in this region are in good agreement with the earlier analysis of Hale and Querry, 22 who worked from a more limited set of absorption data.
The important aspect for our purposes of the results from Kramers-Kronig analysis is that they do not show the severe oscillations exhibited by Ichikawa's 9 data. The weak absorption peak at 1.46 m produces only a barely perceptible change in the slope of n(), while the slightly stronger peak at 1.93 m produces a small shoulder in the spectrum. We think that Ichikawa's measurements in this region do not give correct values for n(). We come to this conclusion not only because they disagree with rigorous Kramers- 
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Kronig analysis, but also because they show a steady increase of n() as the strong absorption near 2.9 m is approached. As mentioned above, physics demands that n() decrease prior to such a strong absorption. In addition, it has been pointed out to us that Ichikawa's experimental technique in this region, which involved counting interference fringes generated by water in a small gap, is prone to errors when there is absorption. 
Temperature Dependence in the Near Infrared
When this formulation was developed, the only available data covering a significant range of temperatures were at visible and ultraviolet wavelengths. These data therefore determined the temperature dependence of the formulation at infrared ͑IR͒ wavelengths.
Recently, Richerzhagen 23 measured the refractive index of liquid water at a wavelength of 1.064 m from 20 to 60°C. These data provide a test of our implicit assumption that the temperature dependence of the refractive index can be extrapolated from visible wavelengths into the near infrared. Figure 6 compares these data to the new formulation. The reported uncertainty in these data is approximately 2 ϫ10 Ϫ4 . While the formulation is consistent with Richerzhagen's data in the middle of the temperature range, the highest and lowest temperature points are clearly in disagreement, suggesting that the temperature dependence of the formulation in the IR in this region is not quantitatively correct.
Recommendations
The new formulation is officially endorsed by IAPWS only for the wavelength region in which data were fitted, which extends to 1.1 m. However, we can judge its performance at longer wavelengths by comparing it to the results of Bertie and Lan. 20 As shown in Fig. 5 , the extrapolation is accurate up to the shoulder associated with the absorption at 1.93 m. It is therefore our judgment that this formulation can be extrapolated safely for liquid water at ambient temperature up to a wavelength of 1.9 m. In addition, the comparison to the data of Richerzhagen 23 in Fig. 6 suggests that the accuracy of the formulation is diminished at higher and lower temperatures in the near infrared.
Summary
The formulation of the refractive index of water and steam as a function of temperature, density, and wavelength by Schiebener et al.
1 has been revised. The same database has been used as in the previous work. The data were transformed to the new ITS-90 temperature scale, and conversions from experimental pressure to density were made with the IAPWS-1995 formulation for water's equation of state. The data were fitted in the wavelength range from 0.2 to 1.1 m.
The fit shows substantial improvement in the range from Ϫ 12 to 5°C, reflecting the improvement of the equation of state for supercooled water. The remaining offset below 0°C likely arises because the equation of state is based on data of limited accuracy in this region.
Strong oscillations in the refractive index had been reported in one study in the near infrared; this report led to a cutoff of the range of the formulation. Further examination, particularly by Kramers-Kronig analysis, does not support the existence of these oscillations. Extrapolation of the present formulation beyond 1.1 m gives results that are consistent with the best estimates from Kramers-Kronig analysis up to 1.9 m at ambient temperature. The database of Schiebener et al. contains very limited information on the temperature dependence of the refractive index in the near infrared. Recent data at 1.064 m from 20 to 60°C suggest that the formulation does not quite produce the correct temperature dependence in the near infrared. The estimated uncertainty in this range given in the IAPWS release ͑Table 2, Appendix 1͒ may therefore be overly optimistic. A change in the form of the fitting equation would probably be required to accommodate these new data.
There are no data on the temperature dependence of the refractive index above 225°C in the vapor and above the normal boiling point in the liquid. All results of this formulation should be viewed with caution in regions where data are not available.
This formulation is available in the form of computer code as part of a NIST Standard Reference Database. 
Appendix A. Text of IAPWS Release
This Appendix contains the text of the release as accepted by the International Association for the Properties of Water and Steam. 24 Section 1 contains the nomenclature, Sec. 2 the formulation and table of coefficients. Section 3 gives the information on the equation of state used. Section 4 defines the range of the formulation. Section 5 gives the estimates of uncertainty. For the purpose of checking computer code, Sec. 6 presents a short table of values, with more significant digits than the uncertainty of the formulation warrants. Section 7 gives the references associated with the release.
Minor formatting changes have been made in the original IAPWS release for clarity within the context of this article. 
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Formulation
The refractive index is represented by the following equation ͓1͔:
The coefficients a 0 -a 7 , and the constants UV , IR are given in Table 1 .
Equation of State of Water and Steam
In the conversion of the input independent variable pressure to density, preceding the optimization of Eq. ͑A1͒, the ''IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General and Scientific Extrapolation of the formulation to longer wavelengths has been tested. The formulation is in good agreement with recent results ͓5͔ in liquid water at wavelengths up to 1.9 m.
Range of the Formulation
Estimates of Uncertainty
The estimated uncertainty of the representation of the refractive index, in the absence of error in the independent variables, is given in Table 2 . In the range where data exist, the estimate represents the largest departure of the most reliable, validated data from the formulation. Note that above 225°C there are no data supporting the estimate. In the absence of data, the estimate is based on the assumption ͓1͔ that the Lorentz-Lorenz function will vary smoothly and uneventfully with temperature and density throughout the range represented in this release. Table 2 are carried to the number of significant digits stated, the formulation should produce the values listed in Table 3 to within one unit in the least significant digit. 
Values for Program Verification
References
Appendix 2. Tables of Refractive Index Values
The following five tables ͑Tables 4-8͒ contain values of the refractive index computed from the revised formulation given in Appendix 1.
The number of digits printed in these tables should not be considered indicative of the formulation's accuracy; estimates of the uncertainty are given in Table 2 of Appendix 1. Table 2 also shows the regions in which no data are available ͑and therefore no uncertainty estimates are possible͒; in these regions the numbers in Tables 4-8 are extrapolations. Finally, we note that, in Tables 4-7, some of the low-temperature state points listed are for the metastable liquid; the thermodynamic equilibrium state for these points would be a solid. These points are indicated by italicizing their refractive index values. 
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